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The formation of the autophagic vesicles requires
the recruitment of ubiquitin-like Atg8 proteins to
the membrane of nascent autophagosomes. Seven
Atg8 homologs are present in mammals, split into
the LC3 and the GABARAP/GATE-16 families, whose
respective functions are unknown. Using Caeno-
rhabditis elegans, we investigated the functions of
the GABARAP and the LC3 homologs, LGG-1 and
LGG-2, in autophagosome biogenesis. Both LGG-1
and LGG-2 localize to the autophagosomes but
display partially overlapping patterns. During alloph-
agy, a developmentally stereotyped autophagic flux,
LGG-1 acts upstream of LGG-2 to allow its localiza-
tion to autophagosomes. LGG-2 controls the matu-
ration of LGG-1-positive autophagosomes and
facilitates the tethering with the lysosomes through
a direct interaction with the VPS-39 HOPS complex
subunit. Genetic analyses sustain a sequential impli-
cation of LGG-1, LGG-2, RAB-7, and HOPS complex
to generate autolysosomes. The duplications of Atg8
in metazoans thus allowed the acquisition of special-
ized functions for autophagosome maturation.
INTRODUCTION
Macroautophagy, called here autophagy, is a degradative pro-
cess involved in numerous physiological aspects such as cellular
homeostasis, survival, differentiation, development, and immu-
nity (Mele´ndez and Neufeld, 2008; Mizushima et al., 2008; Yosh-
imori, 2004). Autophagy is a very dynamic and highly regulated
process that can be very selective. It involves the formation of
doublemembrane vesicles, the autophagosomes, which contain
the materials to be degraded. Autophagosomes are formed by
the nucleation and the elongation of a flat isolation membrane,
also called phagophore, which could originate from various
membrane reservoirs (Mizushima, 2007; Ravikumar et al.,
2009; Reggiori and Klionsky, 2002). Autophagosomes are notDeveacidic, therefore degradation generally occurs after fusion with
lysosomes to form the autophagolysosomes. Then, the inner
membrane and the cytoplasmic content are degraded leading
to the recycling of amino acids and lipids. Numerous data in
metazoans have shown that autophagosomes can also fuse
with multiple endosomal compartments to generate an interme-
diate vesicle called amphisome (Gordon and Seglen, 1988).
Identification of the yeast autophagic proteins (Atg) and their
mammalian homologs have revealed a globally well-conserved
machinery implicated in autophagosome formation (Klionsky
et al., 2003). Among them, two ubiquitin-like proteins, Atg8 and
Atg12, are associated with the membrane of the autophago-
somes (Xie and Klionsky, 2007). The structure of Atg8 is
composed of two N-terminal a helixes and an ubiquitin core
(Shpilka et al., 2012). Atg8 is highly conserved but presents mul-
tiple homologs in mammals that can be classified in two main
families: microtubule-associated protein 1 light chain 3 (LC3)
and g-aminobutirric-acid-type-A receptor-associated protein
(GABARAP) (Shpilka et al., 2011). A common feature of all Atg8
homologs is conjugation to phosphatidyl-ethanolamine (PE)
that allows their localization to the autophagosome membranes
(He et al., 2003; Kabeya et al., 2004). Atg8 proteins act in diverse
intracellular trafficking and autophagy processes where they
have a dual role in membrane fusion and cargo recruitment
(Shpilka et al., 2011). However, the molecular roles of Atg8
have mainly been investigated in yeast or by in vitro studies
and the mechanisms by which Atg8 mediates autophagosomal
elongation and closure are not understood. Studies on lipo-
somes indicated that Atg8 (Nair et al., 2011; Nakatogawa et al.,
2007), LC3B, and GATE-16 (Weidberg et al., 2011) can mediate
tethering and, in particular conditions, membrane hemifusion,
but this latter role remains controversial for Atg8. Similar ana-
lyses of truncated forms of LC3B and GATE-16 showed that
the ubiquitin core and the two a helixes are involved in tethering
but the ten amino acids from the first a helix are sufficient for
membrane fusion (Weidberg et al., 2011).
The mechanisms of interactions between lysosomes and
autophagosomes are poorly known. Data have shown that the
interaction of autophagosomes with either endosome or lyso-
some requires the Rab7 GTPase. Rab7 can be detected at the
autophagosomal membrane, but it is not clear whether it is
due to a direct recruitment or a fusion with endosomes (Ganleylopmental Cell 28, 43–55, January 13, 2014 ª2014 Elsevier Inc. 43
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date for mediating autophagosome fusion is the homotypic
fusion and vacuole protein sorting (HOPS) complex, and recent
reports speculated on the existence of a noncanonical HOPS-
like complex that could participate in the tethering with either
lysosome or endosome (Ganley et al., 2011). The SNARE syn-
taxin 17 is the only known protein that mediates the fusion with
lysosome and localizes on autophagosomal membranes (Itakura
et al., 2012).
Because autophagy is involved in many physiological and
pathological processes, it is essential to understand the func-
tions of the LC3 and GABARAP families in the mechanism of for-
mation and the selectivity of autophagosomes. The presence of
several homologs in metazoans adds a supplementary level
of complexity and raises the possibility of various populations
of autophagosomes that could display selective functions. How-
ever, these duplications considerably complicate functional
studies and threemain difficulties have so far precluded to the in-
dividual analysis of mammalian Atg8 homologs. First, RNAi ex-
periments are limited due to a high level of sequence similarity.
Second, studies in HeLa cells have shown that overexpression
of GFP tagged proteins (LC3) could trigger aggregate formation
independently of autophagosomes formation (Kuma et al., 2007).
Third, despite little data for expression patterns, tissues analyses
by western blotting suggest overlapping patterns and raise the
possibility of redundancy between genes (He et al., 2003; Xin
et al., 2001). An electron microscopy analysis of siRNA-treated
cells has suggested that LC3 and GATE-16 could have different
roles in the elongation of the phagophore and the closure of the
autophagosome, respectively (Weidberg et al., 2010).
We have used Caenorhabditis elegans to analyze in vivo the
functions of LC3 and GABARAP homologs during autophagic
processes. C. elegans is a useful animal model to study the
role of autophagy in longevity, caloric restriction, development,
and pathologies (Mele´ndez and Levine, 2009). There are two
homologs of Atg8 in C. elegans named LGG-1 and LGG-2.
LGG-1 is widely used as a marker of autophagosomes, but the
molecular function of both proteins is almost completely un-
known. We previously analyzed the physiological role of LGG-1
and LGG-2 in longevity and dauer formation and demonstrated
that depletion of both genes has a synergistic effect (Alberti
et al., 2010). Analyses of GFP fusion proteins have revealed a
rather similar, mainly ubiquitous pattern, for both proteins with
an enrichment of LGG-2 in the nervous system. In this study,
we focus on the specific roles of LGG-1 and LGG-2 in the forma-
tion and resolution of autophagosomes. We used the 1-cell em-
bryo as a model system to analyze the autophagosomal flux.
Upon fertilization, autophagosomes are generated to degrade
paternally inherited mitochondria and other organelles (Al Rawi
et al., 2011; Sato and Sato, 2011). This very stereotyped process
that has been named allophagy (Al Rawi et al., 2012) easily allows
the monitoring of a synchronous and precisely located popula-
tion of autophagosomes.
In this report, we show that both LGG-1 and LGG-2 localize to
autophagosomal membranes and present, during embryonic
development, partially overlapping localization patterns. The
analysis of autophagosomes positives for both LGG-1 and
LGG-2 revealed that LGG-1 and LGG-2 act sequentially during
autophagic flux and that LGG-1 is essential for the recruitment44 Developmental Cell 28, 43–55, January 13, 2014 ª2014 Elsevier Inof LGG-2. We also show that LGG-2 is implicated in the matura-
tion of these autophagosomes and facilitates the fusion with the
lysosomal compartment. Finally, we demonstrate that a direct
interaction between LGG-2 and the HOPS complex subunit
VPS-39 is involved in autophagosome degradation, which also
requires RAB-7.
RESULTS
LGG-1 and LGG-2 Are Homologs of the GABARAP and
LC3 Family, Respectively
Blast analysis of the C. elegans genome identified LGG-1 and
LGG-2, two proteins homologous to Atg8, of 123 and 130 amino
acids, respectively (Figure 1A). A phylogenetic analysis revealed
that LGG-1 is closely related to the human GABARAP family and
LGG-2 to LC3 family (Figures 1B and 1C). Sharing 32% identity
and 62% similarity, LGG-1 and LGG-2 present a weaker homol-
ogy than with their closest human counterpart. Characteristic
positions specific of the GABARAP or LC3 families (Shpilka
et al., 2011) are conserved in LGG-1 and LGG-2 (Figure S1 avail-
able online) that suggests that LGG-1 and LGG-2 arise from an
ancestral duplication and are the C. elegans GABARAP and
LC3 homologs, respectively.
We obtained from the Japanese National Bioresource Project
two large deletion alleles, lgg-1(tm3489) and lgg-2(tm5755),
removing 48% and 38% of the respective proteins (Figure 1A).
Antibody staining for LGG-1 and LGG-2 shows no signal in lgg-
1(tm3489) and lgg-2(tm5755) embryos, respectively, supporting
the idea that they are null alleles (see below and Figure S1).
Homozygous lgg-1(tm3489) animals are strongly sterile and
their progeny is lethal (Alberti et al., 2010) but lgg-2(tm5755)
animals did not reveal obvious defects in development and
fertility (Figure S1). However, a genetic analysis of the double
mutant revealed a synergistic effect of lgg-1 and lgg-2 deple-
tions during late embryonic development (Figure S1). We also
constructed a strain, called hereafter lgg-1(tm3489maternal) in
which LGG-1 is depleted in oocyte and embryo until the 20-
cell stage (Figure S1; Experimental Procedures) and crossed
it with lgg-2(tm5755). Neither lgg-1(tm3489maternal) nor lgg-
1(tm3489maternal); lgg-2(tm5755) embryos display lethality or
developmental phenotype suggesting that allophagy is not
essential for development (Figure S1).
GFP::LGG-1 has been repeatedly used as a marker of auto-
phagy in C. elegans (Mele´ndez et al, 2003) but ultrastructural
localization has not been reported either for LGG-1 or LGG-2.
To check that LGG-1 and LGG-2 are truly located on autophagic
structures, we performed electron microscopy (EM) and immu-
nogold labeling (Figures 1D–1K). Antibodies against LGG-1
and LGG-2 did not show a sufficient EM signal to quantify the
staining of endogenous proteins in embryos. However, using
Plgg-1::GFP::LGG-1 (Figures 1D–1H) or Plgg-2::GFP::LGG-2 (Fig-
ures 1J and 1K) transgenic strains, we were able to analyze
GFP or LGG-1 localizations (Figure 1I). We observed that both
LGG-1 and LGG-2 are mainly associated with 250 nm diameter
vesicular structures with a double membrane and cytoplasmic
material content (Figures 1D, 1F, 1I, and 1J). Our results are a
direct evidence that LGG-1 and LGG-2 label autophagosomal
membranes. Less frequently, flat or unclosed structures were
labeled by LGG-1 or LGG-2, suggesting that the proteins arec.
Figure 1. LGG-1 and LGG-2, the Respective
Homologs of GABARAP and LC3 Families,
Localize at the Autophagosomal Membrane
(A) Genomic structures of lgg-1 and lgg-2 that
encode proteins of 123 and 130 residues. The
black bars represent the deletions lgg-1(tm3489)
and lgg-2(tm5755).
(B) Percentages of identity and similarity between
LGG-1 or LGG-2 and the human GABARAP and
LC3 proteins have been obtained using NCBI
Blast2.
(C) Phylogenetic tree realized by neighbor joining
and Grishin distances using NCBI COBALT ‘‘mul-
tiple alignment tool’’ of Saccharomyces cerevisiae
(Sc) Atg8 protein, the human (Hs) and ZebraFish
(Dr) LC3 and GABARAP families, the Drosophila
melanogaster (Dm) Atg8a and Atg8b and the
C. elegans (Ce) homologs, LGG-1 and LGG-2.
(D–K) Electron micrographs of GFP::LGG-1 (D–H)
or GFP::LGG-2 (J and K) embryos incubated with
anti-LGG-1 (D and E) or anti-GFP (F–H, J, and K)
antibodies revealing autophagosomes (D, F,
and J), isolation membranes (E, G, and K) and
occasionally, the lumen of lysosomes (H). (D0–K0)
Higher magnifications of the positive structures
observed in (D–K). Scale bar represents 200 nm.
(I) Quantification of the diameter of the autopha-
gosomes and of the localization of gold beads are
shown as mean ± SEM.
(L–O) Confocal images of GFP::LGG-1 (L), GFP::
LGG-1(G116A) (M), GFP::LGG-2 (N), and GFP::
LGG-2(G130A) (O) in control 500-cell stage
embryos. Images are maximum projections of
2 mm thick. The scale bar represents 10 mm.
See also Figure S1.
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ures 1E, 1G, and 1K). In rare cases, for GFP::LGG-1 embryos,
we also detected GFP-positive dots in the lumen of lysosomes
(Figure 1H), supporting the notion that LGG-1 labels autophago-
somes during the whole autophagic flux, from isolation mem-
brane to autolysosome. As a final control that LGG-1 and
LGG-2 indeed label autophagosomes, we mutated to alanine
the conserved C-terminal glycine residue involved in lipidation
and targeting to the membrane. Both GFP::LGG-1(G116A) and
GFP::LGG-2(G130A) were only detected as a diffuse cytosolic
signal while control GFP::LGG-1 and GFP::LGG-2 present a
punctate pattern (Figures 1L–1O).Developmental Cell 28, 43–5LGG-1 and LGG-2 Localization
Defines Three Types of
Autophagosomes
We hypothesized that LGG-1 and LGG-2
could label different types of autophago-
somes. We performed a quantitative
colocalization analysis of the endoge-
nous LGG-1 and LGG-2 proteins during
early embryonic development (Figure 2).
Upon fertilization, the C. elegans oocyte
resumes meiosis, which is completed in
25 min. The first cell division begins
35 min after fertilization and is followed
by a rapid succession of cell divisions.The zygote reaches the 4-cell, 8-cell, 24-cell, and 100-cell stages
approximately 50, 65, 90, and 160 min after fertilization. In the
embryo, two selective autophagic processes, called allophagy
and aggrephagy, have been reported, allowing the removal of
paternal and maternal components, respectively (Al Rawi et al.,
2011; Zhang et al., 2009). Immunofluorescence analysis of early
embryogenesis revealed two successive phases of localization
of LGG-1 and LGG-2 in punctate structures. Upon fertilization,
an induction of LGG-1- and LGG-2-positive vesicles is observed
with both individual puncta throughout thewhole embryo and the
clustering of autophagosomes around the male pronucleus (Fig-
ures 2A–2C and S2). The cluster of autophagosomes, called5, January 13, 2014 ª2014 Elsevier Inc. 45
Figure 2. The Localization of LGG-1 and LGG-2 Defines Three Populations of Autophagosomes
Confocal images of LGG-1 (red) and LGG-2 (green) in wild-type (A–E), atg-7 (J), epg-2 (G and K), epg-3 (H and L), epg-4 (I andM), and epg-5 (N) embryos from the
1-cell to the 200-cell stage. (A0), (B0), and (D0 ) are 3-fold magnifications. (F) Quantification of individual autophagosomes (n R 12). (G–P) Confocal images of
autophagy defective embryos and quantification of individual autophagosomes (O) and global intensity (P) (nR 11, t test *p < 0.001). The scale bar represents
10 mm. Error bars are ± SEM.
See also Figure S2.
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gressively disappears between the 2-cell stage and the 4-cell
stage (Figures 2B and 2C). At the 4-cell stage, only 14% of
embryos still present remnants of the cluster (Figures 2C and
3D). A second increase in the number of autophagosomes starts
around the 15-cell stage and is maintained at least until the
500-cell stage. During this period, no clustering of autophago-
somes is observed, but individual positive spots are widespread
in the embryo (Figures 2D and 2E).
Quantitative analysis of individual dots revealed three types of
vesicular structures in C. elegans embryo, LGG-1-positive dots,
LGG-2-positive dots, and double-positive structures (Figures
2A0, 2B0, 2D0, and 2F). During the first divisions, a majority of
autophagosomes is positive for LGG-1 only but LGG-2 and
double-positive dots are also present. After the 25-cell stage,46 Developmental Cell 28, 43–55, January 13, 2014 ª2014 Elsevier Inthe number of autophagosomes increased strongly but a similar
ratio of the three populations is observed (Figure 2F). To check
whether LGG-1 and LGG-2 are affected in autophagic mutants,
we analyzed their localization after RNAi depletion of atg-7,
epg-2, epg-3, epg-4, and epg-5 genes (Figures 2G–2P). ATG-7
is the C. elegans homolog of the yeast Atg7 protein, involved in
the lipidation of Atg8 and its recruitment to the autophagosomal
membrane. EPG-2, EPG-3, and EPG-5 have been identified in
C. elegans and are involved in cargo recognition, autophago-
some completion, and resolution, and their mutation induces
an accumulation of autophagosomes at various stages of forma-
tion (Tian et al., 2010). In atg-7(RNAi) embryos, we observed a
very strong decrease of LGG-1 and LGG-2 puncta during
the embryonic development (Figures 2J and 2O). Conversely,
an increase of LGG-1 or LGG-2 staining was observed inc.
Figure 3. LGG-2 Is Implicated in the Resolution of LGG-1-Positive Structures
(A–H) Confocal images of LGG-2 (green) and LGG-1 (red) in lgg-1(tm3489maternal) (A and B) and lgg-2(tm5755) (E–H) early embryos. Quantification of the diffuse
cytoplasmic LGG-2 signal in lgg-1(tm3489maternal) mutant embryos (C; n > 5, t test, **p < 0.001). In lgg-2 (tm5755) mutant embryos, the allophagic cluster is
formed at 1-cell stage but persists during development compared to wild-type animals (D; n > 8). Images are maximum projections of the total height of the
embryo. The scale bar represents 10 mm.
(I and J) Time lapse analysis of Ppie-1::GFP::LGG-1 allophagic cluster in control (I) and lgg-2(RNAi) (J) embryos, time zero corresponds to the beginning of the first
cell cleavage. Pictures excerpted from Movie S1. Images correspond to single slices at the level of the cluster. The scale bar represents 10 mm.
(K and L) Epifluorescence images of GFP::LGG-1 (green) and the paternal mitochondria labeled by mitotracker (red) in a 1-cell stage control embryo (K) and a
10-cell stage lgg-2(tm5755) embryo (L). Insets are 6.5-fold magnification of a closed autophagosome (indicated with an arrow) sequestering a mitochondria.
(M) Correlative electron microscopy image showing a mature autophagosome in a 12-cell stage lgg-2(tm5755) embryo. The scale bar represents 200 nm.
(N) Western blot analysis of GFP::LGG-1 in control and lgg-2 (tm5755) embryos using anti-GFP antibodies. The cleaved GFP forms correspond to the GFP
degradation products in the autophagolysosome. The autophagic flux was analyzed by quantifying the cytosolic GFP::LGG-1, the membrane bound GFP::LGG-
1-PE and the cleaved GFP, specific of a proteolysis in the autophagolysosome. Normalization to tubulin revealed that compared to control, lgg-2 (tm5755)
embryos present an increase of the GFP::LGG-1-PE and a decrease of the cleaved GFP that indicate a blockage in the autophagic flux.
(O–R) Confocal images of GFP::LGG-1 (green) and LGG-2 (red) (O) or GFP::LGG-2 (green) and LGG-1 (red) (Q) in 200-cell stage embryos. The overexpression of
LGG-1 but not LGG-2 increases the ratio of LGG-1- + LGG-2-positive puncta (P and R; t test, **p < 0.01). Error bars are ± SEM.
See also Figure S3.
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mals after fertilization and also in later embryonic stages (Figures
2G–2P). These results indicate that the localization of LGG-1 and
LGG-2 to autophagosomes is dependent on ATG-7 while their
resolution is EPG-dependent. Altogether, our data demonstrate
that both LGG-1 and LGG-2 are autophagosomal components
with overlapping localization patterns during embryonic devel-
opment. To further elucidate their interactions, we then focus
on the allophagic cluster, in which autophagosomes are posi-
tives for both LGG-1 and LGG-2.
Sequential Functions of LGG-1 and LGG-2 in the
Formation and Degradation of the Allophagic Cluster
We analyzed, during the first autophagic induction, the recip-
rocal localization of LGG-1 and LGG-2 in lgg-2(tm5755) and
lgg-1(tm3489) embryos (Figure 3). Using LGG-2 antibodies on
the strain lgg-1(tm3489maternal) (see Experimental Proce-
dures), we observed that in homozygous lgg-1 embryo, no allo-
phagic cluster was formed while a strong increase of the diffuse
cytosolic signal was detected (Figures 3A–3D and S1). How-
ever, a few scattered LGG-2 autophagosomes were still
present. This result suggests that LGG-1 is required for the for-
mation of LGG-2 allophagic autophagosomes, but a careful
analysis of the formation of the allophagic cluster did not reveal
an earlier recruitment of LGG-1 compared to LGG-2 (Figure S2).
We next performed the reverse experiment by analyzing the
localization pattern of LGG-1 in lgg-2(tm5755) (Figures 3E–3H)
and lgg-2(RNAi) embryos (Figure 3J). When LGG-2 was
depleted, we observed that LGG-1 antibodies stain the allopha-
gic cluster that forms upon fertilization, similarly to wild-type
animals. In wild-type embryos, the LGG-1 cluster disappears
in <30 min and is no more visible after the 4-cell stage (Figures
2 and 3D). However, in lgg-2(tm5755) mutants, 100% of the
embryos still have a LGG-1 cluster at the 4-cell stage (Figures
3D and 3G). Moreover, the presence of this cluster was
detected in 75% and 20% of embryos at the 30-cell and the
80-cell stages, respectively, indicating that it can persist for
more than 2 hr (Figures 3D and 3H). This indicates that LGG-2
is not required for the formation of LGG-1 allophagic autopha-
gosomes but is involved in their degradation. To confirm this
observation by time-lapse analysis, we generated a GFP::
LGG-1 strain expressed in the early embryo. The localization
pattern of GFP::LGG-1 in the early embryo is similar to the
endogenous protein and the allophagic cluster is strongly
labeled but disappears at the 4-cell stage (Figure 3I; Movie
S1). As previously described, we observed paternally inherited
mitochondria inside GFP::LGG-1 autophagosomes (Figure 3K).
In LGG-2-depleted embryos, the allophagic cluster still con-
tains paternal mitochondria (Figure 3L) but is degraded more
slowly and remains visible at 30-cell stage (Figure 3J; Movie
S1). Nevertheless, as the cell divisions proceed, the cluster
diminishes and finally disappears. The presence of paternalmito-
chondria in LGG-1-positive autophagosomes (Figure 3L) sug-
gests that the elongation and closure steps are not blocked in
lgg-2 mutants, and a correlative EM analysis of lgg-2 mutant
confirmed this observation (Figures 3MandS3).Moreover, west-
ern blot experiments indicate that the autophagic flux is
decreased in lgg-2mutant (Figure 3N). Together, these data sup-
port a pathway where LGG-1 is necessary for the formation of48 Developmental Cell 28, 43–55, January 13, 2014 ª2014 Elsevier Inallophagic autophagosomes and acts upstream of LGG-2 that
is implicated in later steps of maturation and/or degradation.
To check whether this pathway is maintained during develop-
ment, we performed a similar analysis in older embryos. Our
observation of lgg-2(tm5755) mutant in 500-cell embryos re-
vealed an accumulation of LGG-1-positive autophagosomes,
suggesting a defect in degradation (Figure S3). These data sup-
port a sequential function for LGG-1 and LGG-2. At this later
stage, we also noticed that the overexpression of GFP::LGG-1,
but not GFP::LGG-2, leads to an increase of colocalization be-
tween LGG-1 and LGG-2 autophagosomes (Figures 3O–3R).
This suggests that the mechanisms of interaction of LGG-1
and LGG-2 are not specific to the early embryo but are main-
tained during the whole development. However, we have not
been able to detect a direct physical interaction between
LGG-1 and LGG-2 either by yeast two hybrid or coimmunopreci-
pitation (data not shown).
Altogether, our data indicate that LGG-1 is involved in the
recruitment of LGG-2 on autophagosomes where the two pro-
teins have different functions. LGG-1 is essential for autophago-
some formation while LGG-2 is involved in facilitating their
degradation. We then decided to focus on the function of
LGG-2 during the terminal steps of the autophagic flux.
LGG-2 Is Important for Acidification of Autophagosomes
To analyze whether LGG-2 is involved in the terminal maturation
or degradation of autophagosomes, we generated a transgenic
strain expressing the tandem fusion protein GFP::mCherry::
LGG-1 in the early embryo (Figure 4; Movie S2). Such a construct
has been widely used in other model systems to analyze the
acidification of autophagosomes, based on the distinct chemical
properties of GFP and mCherry fluorophores (Kimura et al.,
2007).When autophagosomes fusewith the endolysosomal ves-
icles, the acidity of the lumen increases that results in thequench-
ing of theGFPbut not themCherry. This allows the discrimination
of ‘‘red’’ acidic autophagosomes versus ‘‘yellow’’ (green + red)
nonacidic ones. We first analyzed the GFP::mCherry::LGG-1 in
wild-type early embryos and observed no global acidification of
the autophagosomal cluster but rather a progressive peripheral
acidification (Figures 4A–4C, 4G, and 4H; Movie S2). At the
1-cell stage, no acidic vesicle is present in proximity of the cluster
but from the 2-cell stage until the complete disaggregation of the
allophagic cluster, we observed the apparition of some individual
acidic autophagosomes that migrate away from the allophagic
cluster. Acidic vesicles are never detected inside the cluster
suggesting that the autophagosomes start to exit just before
becomingacidic. In lgg-2(tm5755)mutant embryos,weobserved
no acidification of the allophagic cluster and almost no formation
of acidic vesicles until the 6-cell stage (Figures 4D–4F, 4G, and 4I;
Movie S2). Later on, we could detect the presence of few isolated
acidic autophagosomes at the proximity of the persisting cluster
but they are less numerous than in the control. These data sug-
gest that LGG-2 facilitates both the progressive acidification of
peripheral autophagosomes and their outward migration. We
hypothesized that LGG-2 is involved in the interaction with the
endolysosomal system in order to remove the autophagosomes
from the cluster allowing its fragmentation.
Numerous data have shown that autophagosomes can fuse
with endosomes to form an intermediate compartment calledc.
Figure 4. lgg-2 Depletion Prevents the Acidification of Autophagosomes
(A–F) Analysis of the tandem fusion protein GFP::mCherry::LGG-1 at the 1-cell, 2-cell, and 4-cell stages in control and lgg-2(tm5755) embryos. Insets are split
channels corresponding to GFP and mCherry pictures. Pictures shown are maximum projections covering 5 mm centered around the cluster. The yellow signal
indicates neutral autophagosomes while red puncta (arrowheads) are acidified autophagosomes. The scale bar represents 5 mm.
(G) Percentage of embryos with >1 acidic vesicle around the cluster in control (n > 7 for each stage) and in lgg-2(tm5755) embryos (n > 13 for each stage). The
scale bar represents 5 mm.
(H and I) Time lapse analysis of the tandem fusion protein GFP::mCherry::LGG-1 in control and lgg-2(tm5755)mutant embryos. Pictures are excerpted fromMovie
S2. The scale bar represents 5 mm.
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allophagy, we performed colocalization experiments with the
ESCRT proteins HGRS-1/VPS-27 and VPS-32.1 that localize at
the endosomal membrane (Djeddi et al., 2012; Michelet et al.,
2009; Roudier et al., 2005) and are implicated in endosomal
maturation. In wild-type embryos, we discovered that endo-
somes are enriched near the paternal pronuclei very soon after
fertilization, in close proximity to autophagosomes (Figures 5A,
5E, and 5K). Colocalization with LGG-1 and LGG-2 reveals the
existence of amphisomes together with autophagosomes in
the allophagic cluster (Figure 5E). Amphisomes present in the
allophagic cluster share the same dynamic as the autophago-
somes and are no longer visible after the 4-cell stage (Figures
5A–5D, quantification in 5J). If amphisomes and autophago-
somes are detected in the allophagic cluster until its disappear-
ance, endosomes are only associated to it at the 1-cell stage.
This indicates that when endosomes fuse to generate amphi-
somes, they behave similarly to autophagosomes while free
endosomes are not maintained in the cluster. In lgg-2(tm5755)Deveembryos, amphisomes are formed in the allophagic cluster
at the 1-cell stage (Figure 5F), similarly to control embryos.
Amphisomes are then maintained in the cluster together with
autophagosomes and have been detected in more than 60%
of the embryos, at least until the 20-cell stage (Figures 5F–5J).
Our data confirmed that amphisomes could be formed in
C. elegans and revealed that LGG-2 is not necessary for their for-
mation. This observation restricts our primary hypothesis and
suggests that LGG-2 could be involved in the interaction with
lysosomes.
To test this hypothesis, we used either the vital dye lysotracker
or the lysosomal nuclease mCherry::NUC-1 (Liu et al., 2012) to
visualize the lysosomes in the early embryo (Figures 5L–5T and
S4). We analyzed and quantified, in wild-type and lgg-2 em-
bryos, the colocalization between lysosomes and autophago-
somes during the formation and disaggregation of the allophagic
cluster (Figure 5T). In 89% of 1-cell stage control embryos, no
lysosomes were detected in the close vicinity of the allophagic
cluster (Figure 5L). However, from the 2-cell stage until thelopmental Cell 28, 43–55, January 13, 2014 ª2014 Elsevier Inc. 49
Figure 5. LGG-2 Is Important for the Formation of Autolysosomes but Not Amphisomes
(A–I) Confocal images of LGG-1 (green in A–D, F–I; blue in E), GFP::LGG-2 (green in E), HGRS-1/VPS-27 (red) in 1-cell, 2-cell, 4-cell, and 20-cell control (A–E) and
lgg-2(tm5755) embryos (F–I). (E0) Two-fold magnification. The scale bar represents 10 mm.
(J) Quantification of the accumulation of HGRS-1/VPS-27-positives amphisomes in the allophagic cluster in control (n = 37) and lgg-2(tm5755) embryos (n = 27).
(K) Confocal image of LGG-1 (green) and VPS-32.1 (red) in 1-cell stage control embryo. (K0) Two-fold magnification.
(L–S) Deconvoluted epifluorescence pictures of LGG-1 (green) and NUC-1::mCherry (red) in control (L–O) and lgg-2(tm5755) embryos (P–S). White arrows show
colocalization between the lysosomes and the allophagic cluster. (L0) to (S0) are 2-fold magnifications of (L) to (S) images.
(T) Quantification of colocalization between NUC-1::mCherry and LGG-1 (upper part) and Lysotracker Red and LGG-1 (lower part) in the allophagic cluster in
control (n = 80 and 127) and lgg-2(tm5755) embryos (n = 40 and 42).
See also Figure S4.
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with autophagosomes, generally at the periphery of the cluster
(Figures 5M–5O). This observation suggests that the disappear-
ance of the allophagic cluster involves a local recruitment of
lysosomes. In 95% of lgg-2(tm5755) mutant (Figures 5P–5S) or
lgg-2(RNAi) embryos, at the 1-cell stage, no lysosomes were
detected in the allophagic cluster (Figure 5P). Moreover, be-
tween the 2-cell and the 10-cell stages, the number of embryos
where lysosomes colocalized at the periphery of the autophagic
cluster is 50% lower compared to the control (Figures 5Q–5T).
Later on, the presence of lysosomes close to the autophagoso-
mal cluster increased, which correlates with its progressive and
delayed disappearance (Figures 5S and 5T). Our data indicate
that in absence of LGG-2, the lysosomes have a reduced capac-
ity to interact with autophagosomes. Altogether, our results sug-
gest that LGG-2 could have a role in the tethering of lysosomes
with autophagosomes at the periphery of the allophagic cluster.
LGG-2 Interacts with VPS-39, a Subunit of the HOPS
Complex
To decipher the molecular mechanisms by which LGG-2 could
mediate an interaction with the lysosomes, we performed a yeast
two-hybrid screen as a collaboration with the group of Vincent
Galy (data not shown). A domain of VpsC protein VPS-39 was
identified as a candidate interacting domain with LGG-2. VPS39
together with VPS41 constitute the HOPS-specific subunits, as
opposed to the core proteins (VPS11, VPS16, VPS18, and
VPS33) that are shared with the CORVET complex. The HOPS50 Developmental Cell 28, 43–55, January 13, 2014 ª2014 Elsevier Incomplex has been shown to mediate tethering between endo-
somes and lysosomes (Solinger and Spang, 2013), so VPS-39
was a good candidate to mediate the interaction between auto-
phagosomesand lysosomes.We therefore followedupwithyeast
two-hybrid 1-by-1 interaction assayswith LGG-2, LGG-1, and the
candidate VPS-39 domain and showed a robust interaction be-
tween LGG-2 and VPS-39 (Figures 6A and S5; Experimental Pro-
cedures). No LGG-1/VPS-39 interactionwas detected in pairwise
testing. TheLGG-2 interacting region identified inVPS-39encom-
passes a conserved Clathrin and Vps domain (PFAM PF0063),
which is a member of the family of armadillo repeats (Figure 6B).
Armadillo repeats can form a-a superhelix structure and have
been shown to mediate protein interactions. These data suggest
that the direct interaction between LGG-2 and VPS-39 could
mediate the tethering between lysosomes and autophagosomes.
To confirm this hypothesis by an in vivo approach,we analyzed
the localization pattern of LGG-1 and LGG-2 in vps-39 mutants.
We characterized the two deletion alleles, vps-39(ok2442) and
vps-39(tm2253), whose predicted translation removed 81%
and 56% of the protein, respectively, encompassing the LGG-2
interacting domain (Figure 6B). Both vps-39(ok2442) and vps-
39(tm2253) homozygous embryos display a similar and very
characteristic phenotype. From 1-cell to at least 20-cell stages,
an accumulation of LGG-1 and LGG-2 autophagosomes and
paternal mitochondria was observed close to the nuclei (Figures
6D–6F and S5). Such a localization is reminiscent of the enrich-
ment of lysosomes close to the nucleus during early embryogen-
esis (Figure S4). As no accumulation is observed in oocytesc.
Figure 6. VPS-39 Interacts with LGG-2 and
Is Involved in Autophagosome Degradation
(A) The HOPS subunit VPS-39 interacts with
LGG-2 (green box) but not LGG-1 (red box) in
yeast two hybrid assays. 3-AT, 3-aminotriazole.
(B) Schematic representation of the fragments of
proteins used as baits and prey. The entire mature
LGG-1 and LGG-2 forms were used, but the
C-terminal glycine was removed. The LGG-2 in-
teracting region identified in VPS-39 is repre-
sented by the stripped box and the conserved
clathrin and Vps domain (PFAM PF0063) by the
white box. The black bars indicate the deletion
alleles vps-39(tm2253) and vps-39(ok2442) that
truncate 81% and 56% of the proteins, respec-
tively.
(C) Quantification of the LGG-1 and LGG-2 puncta
has been performed in 4-cell stage embryos and
is shown as mean ± SEM (n > 10). Statistical
comparisons with control embryos using t test
are significant for ***p < 0.0001, **p < 0.001, and
*p < 0.01.
(D–R) Confocal images of LGG-1 (red) and LGG-2
(green) in vps-39(ok2442) (D–F), vps-41(ep402)
(G–I), rab-7(RNAi) (J–L), lgg-2(tm5755);rab-7(RNAi)
(M–O), and rab-7(RNAi,);vps-39(tm2253) (P–R)
embryos at the 1-cell, 2-cell, and 4-cell stages.
Pictures shown are maximum projections corre-
sponding to the whole embryo (1-cell) or 3–5 mm
(2-cell and 4-cell). For comparison with wild-type
and single lgg-2(tm5755) mutants, see Figures 2
and 3. Arrows point to the characteristic peri-
nuclear localization of autophagosomes in vps-39
and vps-41 mutant embryos. In both rab-7 and
vps-39 single embryos, the autophagosomes
accumulate but their localization is different. The
scale bar represents 10 mm.
See also Figure S5.
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LC3 Interacts with VPS39 to Degrade Autophagosomes(Figure S5), these autophagosomes presumably correspond to
the first induction of embryonic autophagy. These data demon-
strate that in absence of VPS-39 the autophagosomes are not
degraded and support the idea that LGG-2 and VPS-39 interact
in vivo to promote autolysosome formation. A similar phenotype
was observed in mutants for VPS-41 (Figures 6G–6I), the secondDevelopmental Cell 28, 43–5HOPS-specific subunits, suggesting that
the whole complex is required. However,
the perinuclear accumulation of autopha-
gosomes indicates that, in absence of
HOPS, they are not maintained in their
original position but perform a centripetal
migration toward the nuclei.
In yeast and mammals, the interaction
between Vps39 and the Rab7 GTPase
has been implicated in the tethering func-
tion of the HOPS complex during endoly-
sosomal fusion (Bro¨cker et al., 2012;
Plemel et al., 2011). We investigated
whether RAB-7 depletion alters the local-
ization of LGG-1 and LGG-2 autophago-
somes. In rab-7(RNAi) embryos, a cluster
of LGG-2-positive autophagosomes isclearly maintained during the first cell divisions (Figures 6J–6L)
indicating that RAB-7 is necessary for degradation of LGG-2-
positive autophagosomes. However, the persisting cluster is
smaller compared to lgg-2(tm5755) embryos and contains fewer
LGG-1-positive autophagosomes (compare with Figures 3E–
3G). Moreover, the number of LGG-1- or LGG-2-positive5, January 13, 2014 ª2014 Elsevier Inc. 51
Figure 7. Model of Interaction between
Autophagosomes and Lysosomes
The formation of autophagosomes in the allo-
phagic cluster is dependent of LGG-1 and their
resolution involves LGG-2. Degradation of auto-
phagosomes requires both the HOPS complex
and RAB-7. LGG-2 interacts directly with the
HOPS subunit VPS-39. RAB-7 could also be
involved in the migration of autophagosomes
toward the nucleus. The possibility that LGG-1
also interacts with lysosomes is not depicted on
this model.
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LC3 Interacts with VPS39 to Degrade Autophagosomesautophagosomes scattered through the whole embryo is
strongly increased in rab-7(RNAi) embryos (Figure 6C), but we
never observed any enrichment of autophagosomes close to
the nuclei. These data indicate that RAB-7 plays an essential
role in the degradation of autophagosomes and could also be
involved in their centripetal migration. The LGG-2-positive auto-
phagosomes are not degraded in rab-7 or vps-39 embryos,
which suggests that both RAB-7 and VPS-39 act downstream
of LGG-2 to degrade autophagosomes. To further analyze the in-
teractions between LGG-2, RAB-7 and VPS-39, we next per-
formed an epistatic analysis. We generated double depletions
of rab-7/lgg-2 and rab-7/vps-39 and analyzed the localization
of autophagosomes (Figures 6M–6R). In lgg-2(tm5755); rab-
7(RNAi) embryos, the persistence of the allophagic cluster is
very similar to lgg-2(tm5755) single mutant embryos (compare
Figures 6M–6O to Figures 3E–3G) and confirms that LGG-2
acts upstream of RAB-7. The phenotype of rab-7(RNAi); vps-
39(tm2253) embryos (Figures 6P–6R) is distinct from single
rab-7(RNAi) and single vps-39(tm2253) embryos. Indeed, we
observed a persistence of an allophagic cluster positive for
both LGG-1 and LGG-2, but neither the perinuclear localization
characteristic of vps-39 nor the massive increase of sparse
LGG-1 or LGG-2 autophagosomes observed in rab-7 (Figure 6C).
Concerning the degradation of the allophagic cluster, these re-
sults suggest that RAB-7 and VPS-39 could act together down-
stream of LGG-2 (Figure 7).
Altogether, our data demonstrate that the interaction between
autophagosomes and lysosomes is mediated by LGG-2 that
directly interacts with VPS-39, a member of the HOPS complex
andnecessitatesVPS-41and theGTPaseRAB-7.Fromourexper-
iments and the known molecular functions of these proteins, we
propose that theyparticipate in the tethering of lysosomesandau-
tophagosomes, the prerequisite step before membrane fusion.
DISCUSSION
The presence of different populations of autophagosomes in the
same cell raises the question of how LGG-1 only, LGG-2 only,
and LGG-1-/LGG-2-positive autophagosomes are formed. Our
EM analyses indicate that both LGG-1 and LGG-2 can be found
on isolation membranes as well as closed autophagosomes.
If ATG-7 is necessary for LGG-1 and LGG-2 vesicular localiza-
tion, we do not know whether they are conjugated by the same
machinery. The duplication of several autophagic genes in
C. elegans (e.g., Atg4, Atg16) adds another level of complexity52 Developmental Cell 28, 43–55, January 13, 2014 ª2014 Elsevier Inin the conjugation pathway (Wu et al., 2012). Alternatively, a sim-
ple hypothesis to explain the existence of these subpopulations
of autophagosomes is to consider that they are formed around
different cargoes. Among their various functions, Atg8/LC3 pro-
teins are indeed involved in the recognition and addressing of
cargoes in the autophagosome. They have the particularity to
interact with numerous partners and a LIR motif (LC3 interacting
region) has now been described in more than 20 proteins (Alemu
et al., 2012). If some cargoes interact only with LGG-1, and
others only with LGG-2, their coexisting presence in a cell would
then lead to the formation of specialized autophagosome popu-
lations. Numerous examples in the literature have already shown
that autophagy could be very selective and that some specific
adaptive proteins involved in mitophagy and aggrephagy
interact differently with Atg8 proteins. For instance, the adaptor
P62 is recruited to autophagosomes by LC3 and not GABARAP
but can interact with both in soluble form (Shvets et al., 2011). A
specific role for LC3C, which involves a noncanonical LIR, has
recently been demonstrated in xenophagy (von Muhlinen et al.,
2012). This indicates that subtle differences in Atg8-like proteins
can permit specific interactions and nonredundant function and
support a complex hierarchy among LC3/GABARAP homologs
in various autophagic processes. In this regard, a proteomic
analysis of six human Atg8 orthologs revealed that one-third of
the interacting proteins were specific for the LC3 and GABARAP
subfamilies, respectively, whereas one-third were associated
with both (Behrends et al., 2010).
Although we know that the allophagic cluster selectively de-
grades paternal mitochondria after fertilization (Al Rawi et al.,
2011; Sato and Sato, 2011), we can only speculate on the func-
tional specificities for the LGG-1, LGG-2, and doubly positive
autophagosomes during C. elegans development. However, in
its exhaustive genetic screen for aggrephagymutants, the Zhang
laboratory identified several alleles of lgg-1 but none of lgg-2
(Tian et al., 2010), suggesting that it is not essential for aggreph-
agy. Identification of specific cargoes for LGG-1 or LGG-2 would
be essential to decipher the respective functions of the subpop-
ulations of autophagosomes. Surprisingly, despite the very
dynamic autophagy observed during early development, the
codepletion of LGG-1 and LGG-2 results in a late embryonic
phenotype. This suggests that during C. elegans embryogen-
esis, autophagy is dispensable for cell divisions and differentia-
tion but essential for organogenesis.
Our work indicates that a LC3 protein could directly inter-
act with the lysosomal tethering machinery. The perinuclearc.
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reveals that HOPS complex is important during the last steps of
the autophagic flux. Studies in mammalian cells have shown that
mVPS39mutants are not resistant to nutrient withdrawal (Peralta
et al., 2010). Moreover, the overexpression ofmVPS39 promotes
the centripetal movement of endolysosomes and similar effect is
observed with constitutive active RAB7 (Caplan et al., 2001;
Poupon et al., 2003). These data strongly suggest that the role
of Vps39 for fusion between autophagosomes and lysosomes
is conserved in metazoans. Another link between class C Vps
and autophagy involves a direct interaction in early endosomal
compartment between VPS16 and UVRAG, a Beclin1-binding
autophagic tumor suppressor (Liang et al., 2008). This interac-
tion appears to have a dual function, first in autophagosome
formation, then by stimulating Rab7 GTPase activity to enhance
autophagosome-lysosome fusion. Nevertheless, numerous
questions need to be addressed to further understand themech-
anism of interaction between autophagosomes and lysosomes.
In particular, we do not knowwhether this interaction ismediated
by the canonical HOPS complex. Data inMEF cells (Ganley et al.,
2011) suggested the existence of a Rab7-dependant mecha-
nism for fusion of lysosomes with autophagosomes, but inde-
pendent of the core unit VPS16. In Drosophila, the core unit
VPS18/deep orange has been implicated in autophagy (Lindmo
et al., 2006). However, the presence of several homologs of
HOPS components in metazoan provide additional possible
combinations to form tethering complexes (Solinger and Spang,
2013) raising the possibility of a specific autophagosome HOPS-
like complex.
Nevertheless in lgg-2mutants, the degradation of autophago-
somes is delayed but not abolished indicating that they are still
able to interact with lysosomes. One obvious hypothesis is that
LGG-1 can also mediate this interaction. Even if we did not iden-
tify a direct interaction between LGG-1 and the a helixes domain
of VPS-39, we can not exclude an interaction with another
domain. Another possibility is that LGG-1 interacts with a
different tethering complex or even promotes membrane fusion
by recruiting SNARE proteins. Indeed, SNARE proteins are
involved in key steps of autophagosome formation and subse-
quent maturation (Atlashkin et al., 2003; Fader et al., 2009; Fur-
uta et al., 2010; Moreau et al., 2011; Nair et al., 2011; Renna
et al., 2011) and recent data identified Syntaxin17 as an essential
autophagosomal SNARE (Itakura et al., 2012). However, a direct
interaction with Atg8 proteins has not been documented.
Despite a very high level of identity between LGG-1, LGG-2,
and their human homologs, our results revealed significant dif-
ferences in the functions of LGG-2/LC3 and LGG-1/GABARAP,
compared to what has been observed inmammalian cells. Using
siRNA approaches combined with EM analyses and immunoflu-
orescence, Weidberg et al. (2010) have shown that both LC3 and
GABARAP families participate in autophagosome biogenesis
but display different functions. LC3 family is involved in elonga-
tion of the phagophore membrane whereas the GABARAP/
GATE-16 family is essential later for autophagosomematuration.
Conversely, our analysis of the C. elegans early embryo shows
that LGG-1/GABARAP is essential for autophagosome forma-
tion while LGG-2/LC3 is involved in lysosomal recruitment.
Several arguments linked to the particularities of the different
experimental systems could partially explain this apparentDevediscrepancy. Studies in HeLa cells have been performed on star-
vation-induced autophagy and the global populations of auto-
phagosomes have been analyzed, while the present study has
focused on a particular population of autophagosomes during
a developmentally regulated autophagic process. Moreover, it
is very likely that there is a high degree of variation in the LC3/
GABARAP repertoire depending of the cell types. Finally, LC3/
GABARAP proteins display several different functions during
autophagy, and it is probable that only the earlier function in
the process is revealed upon inactivation. For instance, later
functions of LGG-1 during autophagic flux are masked in lgg-1
mutants because autophagosomes do not form. Indeed, the
functions of the proteins could have evolved differently between
mammals and C. elegans. In vitro analyses have shown that the
N-terminal part of LC3B or GATE-16 can promote membrane
fusion (Weidberg et al., 2011). In this regard, the N terminus of
LGG-2/LC3 homologs, which is very versatile between species,
could mediate specific interactions and further studies should
answer this question.
EXPERIMENTAL PROCEDURES
C. elegans Strains
Nematode strains were grown on nematode growth media (NGM) plates
seeded with Escherichia coli strain OP50 and handled as described (Brenner,
1974). The wild-type parent strain used was the C. elegans Bristol variety N2.
The strains used in this study and details about constructions can be found in
the Supplemental Experimental Procedures.
RNA-Mediated Interference
RNAi by feeding was performed using N2 or rrf-3(pk1426) as described
(Kamath et al., 2003). Briefly, embryos (F0) are laid onto IPTG-containing
NGM plates seeded with bacteria (E. coliHT115[DE3]) carrying the empty vec-
tor L4440 (pPD129.36) as control or the bacterial clones from the J. Ahringer
library, Open Biosystem (lgg-1: JA:C32D5.9, lgg-2: JA:ZK593.6, atg-7: JA:
M7.5, rab-7: JA:W03C9.3, epg-2: JA:Y39G10A_246.j, epg-3: JA:Y37D8A.22,
epg-4: JA:F37C12.2, epg-5: JA:C56C10.12). RNAi phenotypes were scored
in the F1 generation embryos the day after the F0 adults begin to start laying
eggs.
Protein Extraction and Western Blot Analysis
Total protein extracts were prepared from a synchronized population of
embryos as described (Alberti et al., 2010), denatured for 10 min at 72C,
and separated on a NuPAGE 4%–12% Bis-Tris gel (Life Technologies). Blots
were probed with anti-GFP (1:1,000; Roche) or anti-Tubulin (1:2,000; Sigma)
antibodies and revealed using HRP-conjugated antibodies (1:10,000; Prom-
ega) and the ECL detection system (Thermo Scientific). Signals were revealed
on a Las3000 photoimager (Fuji) and quantified with ImageJ.
Immunofluorescence and Dye Staining Experiments
Embryos were prepared for antibody staining by freeze-fracture and methanol
fixation at20C (30 min) as described previously (Legouis et al., 2000). Lyso-
somes and mitochondria staining have been performed in vivo or after a 5 min
methanol fixation (20C). Details of immunostaining, lysosome, and mito-
chondria staining experiments are described in the Supplemental Experi-
mental Procedures.
Light Microscopy Imaging
Routinely, fluorescent expression and phenotypic analyses were carried out
on an Axioskop 2 Plus microscope (Zeiss) equipped with Nomarski optics
coupled to a camera (CoolSNAP, Roper Scientific). Epifluorescence images
were captured on an AxioOberver Z1microscope (Zeiss) equipped with Evolve
EMCCD camera (Roper Scientific). Confocal images were captured on a
confocal Nikon (TE 2000-U). Images analysis was performed with NIH ImageJ
Software (http://rsb.info.nih.gov/ij/). LGG-1 or LGG-2 dots were counted usinglopmental Cell 28, 43–55, January 13, 2014 ª2014 Elsevier Inc. 53
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stages of embryo, or on three nonconsecutive single planes for the later
stages. Epifluorescence images were deconvoluted using HUYGENS soft-
ware and QMLE algorithm (100 iterations).
Electron Microscopy
Immuno-EM analysis of embryos was performed as described in Djeddi et al.
(2012). Detailed protocol can be found in the Supplemental Experimental
Procedures. For correlative microscopy, samples were frozen with an
EMPACT2 (Leica) and prepared as described in Watanabe et al. (2012).
Photonic images of 100 nm sections were acquired with an epifluorescence
microscope (DMI6000B, Leica) then grids were contrasted with uranyl
acetate 2% (20 min) and lead citrate (6 min) before electron microscopy
observations.
Yeast Two-Hybrid
The yeast two-hybrid 1-by-1 interaction assay used to test for protein interac-
tion between LGG-1 or LGG-2 and VPS-39 was performed by hybrigenics
(http://www.hybrigenics-services.com).
Briefly, open reading frames deleted of terminal glycine, lgg-1 (aa 1–115),
and lgg-2 (aa 1–129), were amplified by PCR and fused to LexA DNA binding
domain. The prey fragment for the C. elegans VPS-39 was extracted from the
ULTImate Y2H screening of LGG2 against the C. elegans Mixed Stage cDNA
library and fused with Gal4 Activation Domain. Positive yeast two-hybrid inter-
actions were based on the HIS reporter gene. For more details, see the Sup-
plemental Experimental Procedures.
Statistics
Student’s t tests were used for every comparison presented in this study.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and two movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2013.11.022.
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